ABSTRACT: In February 2000, the "Shuttle Radar Topography Mission (SRTM)" satellite captured elevation data by scanning the Earth landmasses between the 60 o North and South latitudes. After the mission of 11 days, the collected data were processed, and a Digital Elevation Model (DEM) within one arc-second resolution for United States and three arc-second resolutions for the other parts of the globe was created and published on the NASA servers. Recently, a global SRTM DEM with one-arc-second resolution has been released. Additionally, ASTER (Advanced Spaceborne Thermal Emission a nd Reflection Radiometer) is a sensor boarded on the Terra satellite in 1999. The sensor has been collecting satellite imagery since 2000. The ASTER GDEM at one-second resolution was released to the public, which is the most complete DEM of the earth ever made. In this study, SRTM and ASTER DEMs with one arc-second resolution over Turkish territory was evaluated by means of a local DEM produced from 1:25K national topographic maps. Results show that the accuracy of the SRTM DEM is better than the ASTER GDEM with respect to the local DEM.
INTRODUCTION
Digital Elevation Model (DEM) is a computer representation of physical surface of the Earth. DEM is utilized by a wide range of geospatial applications such as gravity interpolation in geodesy, risk assessments in Geographic Information Systems, run -off simulations in Hydrology, morphologic analyses in Geology etc.
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Like other models, DEMs are subject to errors (e.g. systematic or random). Thus, end users of DEMs should be aware of the accuracy of the DEM in a project area. Hence DEM should be evaluated by means of the ground truth data such as local DEM or leveling points.
Recently, SRTM (Shuttle Radar Topography Mission) and ASTER (Advanced Space-borne Thermal Emission and Reflection Radiometer) DEMs at one arc-second resolution are released to the public on the Internet. Accuracies of these DEMs are subject to investigation for end users over the world (Jing et al, 2014; Hirt et al 2010; Rexer and Hirt 2014) . Moreover, Bildirici et al (2016) compares ASTER DEM and an enhanced version of SRTM3 (3 arc-second resolution) in the same study area. In this study, accuracies of the both DEMs within one-arc resolution (SRTM1) were assessed with help of local DEM obtained from 1:25K scaled topographic maps of Turkish territory. It is concluded that SRTM DEM is superior to ASTER DEM over Turkey from the point of the accuracy of height data.
The present paper starts with brief review of SRTM and ASTER missions. Then comparison methodology is discussed shortly. Subsequently, numerical a pplications for the comparison of both DEMs are performed in Turkey. Finally concluding remarks were outlined for further studies.
MATERIALS AND METHOD Study area
Our study area lies on Turkish territory which covers 780 000 square km. The study area is delimitated by 36 o -42 o northern latitudes and by 26 o -45 o western longitudes. Maximum and minimum heights in the area are 5197 m at the summit of Agri (Ancient ararat) mountain and 0 m at the sea side, respectively. The average height is approximately 1000 m for the area. This area was selected for our study because it is one of the most complicated regions over the world from the point of the view of topographic variation. Figure 1 and 2 show the topography of the study area together with test data.
SRTM DEM
The SRTM project was jointly realized by NASA, the National Imagery and Mapping Agency (NIMA), the German Space Agency (DLR) and Italian Space Agency (ASI). The mission collected threedimensional image of the Earth's land surface by exploiting the radar interferometry, which matches two radar images in order to derive the elevation information. Then, the images were transformed to a global DEM, which is spanning from 60 ∘ N to 56 ∘ S over the world. The SRTM DEM does not include any bathymetric data which means that water bodies (i.e. ocean and sea) are attributed with "0" m. The vertical accuracy of the DEM is globally estimated to be 16 m at the 90% confidence level. The detailed documentation and technical specification of the SRTM DEM can be found at NASA servers (SRTM, 2016a) . SRTM Data Products is distrib uted freely to the public via Internet data portals such as Earth Explorer (USGS, 2016), and NASA Jet Propulsion Laboratory (JPL) Data Distribution Center (http://dds.cr.usgs. -gov/srtm/version2_1). The level of processing and the resolution of the data will vary. Currently following data products are available at Earth Explorer (SRTM, 2016b):
 SRTM Non-Void Filled elevation data were processed from raw C-band radar signals spaced at intervals of 1 arc-second at NASA's Jet Propulsion Laboratory (JPL). This version was then enhanced by the National Geospatial-Intelligence Agency (NGA). Data for regions outside the United States were sampled at 3 arc-seconds (approximately 90 meters) using a cubic convolution resampling technique for public distribution.  SRTM Void Filled elevation data are the result of additional processing to address areas of missing data or voids in the SRTM Non-Void Filled collection. The voids occur in areas where the initial processing did not satisfy quality specifications. Since SRTM data are one of the most widely used elevation data sources, the NGA filled the voids by using interpolation techniques. The resolution for SRTM Void Filled data is the same as the SRTM Non -Void Filled Data.  SRTM 1 Arc-Second Global elevation data is the worldwide coverage of void filled data at a resolution of 1 arc-second (30 meters), and presented to the public. Some tiles may still contain voids. It should be noted that tiles above 50° north and below 50° south latitude are sampled at a resolution of 2 arc-second by 1 arc-second. Due to the worldwide coverage and high resolution, SRTM 1 dataset is used in current study data.
SRTM data with a regularly spaced grid of elevation points can be downloaded from Earth Explorer in three file formats:
 Digital Terrain Elevation Data (DTED) is a standard mapping format designed by the NGA. Each file or cell contains a matrix of vertical elevation values spaced at regular horizontal intervals measured in geographic coordinates  Band interleaved by line (BIL) is a b inary raster format with an accompanying header file which describes the layout and formatting of the file.  Georeferenced Tagged Image File Format (GeoTIFF) is a TIFF file with embedded geographic information.
SRTM data specifications are given in Table 1 in comparison to ASTER GDEM. 
ASTER GDEM
ASTER, which is an observing sensor, was placed on the satellite "Terra" in December 1999. This sensor is an achievement of an international joint project between NASA and Japanese Ministry of Economy, Trade and Industry (METI). The DEM was generated from a stereo image pair acquired with nadir and backward angles over the same area, and then it was released in 2009. This strategy provided a global DEM with enhanced accuracy due to multiple images. As a result of the project, ASTER GDEM covers all land area ranging from 83 ∘ N to 83 ∘ S even in steep mountainous areas. ASTER GDEM is available in geo-tiff format by 1 ∘ ×1 ∘ tiles at 1 arc-second resolution. Vertical and horizontal datum of the DEM are EGM96 and WGS84, respectively. Zero for water surfaces (i.e. sea and ocean) and −9999 for voids are assigned in the data files. Vertical accuracy of the DEM is estimated to be 7-14 m over the United States. The detailed documentation and technical specification of ASTER GDEM can be found at Japanese Space System server (ASTER 2016). ASTER data specifications are given in Table 1 in comparison to SRTM.
Local Height Data
For local heights digitized contour lines of 25K topographic maps are used. In order to create a local DEM, General Command of Mapping (GCM) in Turkey vectorized the contour lines of 25K maps. The data was distributed in CAD (Computer Aided Design) files, each sheet being an individual file. The authors obtained a collection of these files within a previous project (Bildirici et al 2009) , and utilized this data set in this study. Today, GCM distributes DTED (Digital Terrain Elevation Data) files in one arcsecond resolution, which is generated from the digitized contour lines mentioned above. Accuracy of the DEM is estimated to be ~2 m in the vertical direction by Ozturk and Kocak (2007) . The DEM from GCM is not free of charge.
The point density on contour lines is very high due to automatic vectorization. A point thinning process is necessary to use this data set properly. The coordinate system of the DEM is UTM on European Datum 1950, and its vertical datum is mean sea level at Antalya tide gauge. In order to perform a comparison, point density on contour lines is to be reduced, and horizontal and vertical datum conversions are performed.
Comparison Methodology
For the statistical evaluation local DEM is assumed ground truths. Before the height comparison , two preprocessing steps are performed. After point thinning mentioned in the previous section local height data is undergone to horizontal datum transformation. Thereafter local points are transformed to WGS84 ellipsoid with geographical coordinates. Each point is in local height data is interpolated with IDW method by using global DEMs. Doing so, for each point, local height, height from SRTM, and height from ASTER are prepared.
In geodetic literature, two types of height data are not comparable directly due to systematic errors (e.g. datum shifts). Thus a corrector surface is used to remove systematic errors between data before detailed discussion. Corrector surfaces which area from a simple linear model to more sophisticated similarity transformation model can be found in literature (Kotsakis and Sideris, 1999; Abbak, 2014) . Such a comparison is based on a traditional method as follows,
where A is a design matrix, x is a vector of unknown parameters, ε is the random noise term. The parametric model is assumed to absorb all systematic errors. In this study, four parameters model was used because it gives more reasonable results. where φ and λ are geographical coordinates of a check point. The vector a is extended for each checkpoint, then the design matrix A is obtained. Subsequently, unknown parameters are solved by Least Squares (LS) approach. Finally, the Root Mean Square Errors (RMSE) is calculated that are supposed to be the accuracy of global DEM. However, the RMSE value still contains errors of the local DEM.
For all steps in comparison in-house programs developed in C programming language are used.
İ. Ö. BİLDİRİCİ, R. A. ABBAK

APPLICATION
In this section, validation of ASTER and SRTM DEMs were performed by means of the local DEM. For this purpose, local DEM that covers 37 of 25K map sheets were selected to represent various topographic features throughout the country. After thinning process mentioned above, the total number of points for all sheets are about 3 770 421, being 101 903 points for each sheet in average.
The evaluation steps are as follows:
 ASTER GDEM tiles were downloaded in Geo-TIFF format. By using GDAL programming package (http://www.gdal.org), data files are converted into binary grid files, in which heights are recorded as 2 bytes integer sequentially.  SRTM 1 tiles were downloaded from Earth Explorer in binary grid files (BIL format).  The points on digitized contour lines are thinned with 30 m distance criterion. Thereafter projection and datum conversion were undertaken.  For each point within ground truth data neighboring 4 points in grid file (ASTER or SRTM) are found. By using IDW (Inverse Distance Weighting) interpolation method the height of the point is determined (Gruver, 2016) . For each 25K file, a file with geographical coordinates, local heights and interpolated heights are formed. By using this file a vertical datum conversion is performed and heights are compared. For this step another program was developed in C language programming language.  Finally Global DEMs were matched against to Local DEM in terms of accuracy. In order to avoid systematic errors (e.g. datum shifts), two types of height s (Local DEM and ASTER/SRTM DEMs) were compared with four parameters corrector surface model. Table 2 shows results that are obtained from four parameters corrector surface model. According to the table, SRTM is better than ASTER, but in some rough topography, ASTER is superior to SRTM in regarding to the accuracy of height data. In the table the RMS values where ASTER is better than SRTM is indicated with bold text. In seven of 37 sheets ASTER is better. The distribution of the test sheets over Turkey is depicted in Figure 1 and 2.
Figure 1. ASTER GDEM validation over Turkey
In order to identify what extent affects four parameters corrector surface model on the accuracy, we directly compared the SRTM and local DEMs. It was concluded that improvements in accuracy change from 2 cm to 6 m, in average of 1 m. Hence corrector surface models gave us more optimistic results.
In Figure 1 and 2 the distribution of the test data over Turkey and obtained results are vis ualized over Turkish territory. 
CONCLUSIONS
In this study, SRTM and ASTER DEMs at one arc second resolution were compared in terms of a local DEM which is produced from 1:25K topographic map sheets over the Turkish territory. For this purpose, 37 map sheets, which are covers different characteristic topography, were selected.
According to our numerical results, ASTER GDEM is better than SRTM DEM in some rough areas (in 7 map sheets) whereas SRTM gives more reasonable results in other parts of test area. Considering overall statistics, SRTM DEM is superior to ASTER GDEM from the point of view of accuracy. In a very rough topography (m34b3 map sheet), maximum RMSs for ASTER and SRTM DEMs are about 65 m and 78 m, respectively. At the end, we can say that the both DEMs are beneficial for geospatial appli cations such as GIS, cartography, remote sensing etc., if the accuracies that are found in this study are acceptable.
